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The purpose of this study was to document inputs of organic matter into the Hudson River Estuary using plant pigments as tracers. Plant pigments (carotenoids and chloropigments) were determined using high pressure liquid chromatography (HPLC).
Water column and sediment samples were collected in 1988 and 1989, from stations along a 165 km transect in the Hudson River Estuary. In the water column, high concentrations of lutein were found at stations adjacent to wetland areas indicating inputs of vascular plant detritus, particularly during late fall. Chlorophyll b/lutein ratios at these stations were 2-4 which are similar to that found in fresh vascular plant material collected from the Hudson. Low chlorophyll b/lutein ratios at Haverstraw Bay, a shallow and turbid area of the estuary, indicate high levels of sediment resuspension. Cyanophyte blooms, as indicated by high concentrations of myxoxanthophyll, reach their peak in late summer at the Hudson and Kingston stations. The chlorophyll a from these algae may comprise as much as 78% of the total chlorophyll a pool during these periods. Concentrations of total phaeophorbide, an indicator of grazing activity, were not correlated with chlorophyll a but were correlated with fucoxanthin and/or fucoxanthinol. This correlation suggests that much of the zooplankton grazing activity is associated with high quality food resources such as diatoms and not with cyanophytes.
Surface sediments from a coarse-grained sandy habitat had significantly lower amounts of total organic matter than muddy habitats. However, the sandy sediment had higher grazing activity per gram organic matter, as indicated by total phaeophorbides. Higher concentrations of chlorophyll a and fucoxanthin at the sandy habitat indicate the presence of benthic diatoms which are high quality (low ON ratio) living resources in contrast to the detrital sources (high CAN, mostly vascular plant) at the muddy stations. High concentrations of chlorophyllide a at some muddy stations, near macrophyte beds, suggest inputs of
Introduction
A diverse array of organic matter sources (terrestrial, planktonic, submersed macrophytes) enter into food webs of riverine and estuarine ecosystems (Wetzel, 1983; Valiela, 1984; Davies & Walker 1986; Gladden et al., 1988) . In general, the relative importance of allochthonous inputs, planktonic primary production, and submerged aquatic vegetation has not been determined for large rivers. Temporal patterns of contributions from these sources are expected to vary seasonally, with maximum phytoplankton production in summer, and peak allochthonous inputs in spring or late fall. Understanding temporal and spatial variability of these organic matter sources is essential to understanding the trophic dynamics of land-margin ecosystems.
Plant pigments can be used as tracers of different source materials in natural systems (Watts et al., 1977; Braumann & Grimme 1981; Mantoura & Llewellyn 1983; Repeta & Gagosian 1987; Bidigare et al., 1986; Rioux-Gobin et al., 1987; Bianchi & Findlay 1990 ). For example, the carotenoid fucoxanthin is a characteristic marker of diatoms while zeaxanthin serves as a marker for the presence of cyanophytes in open ocean phytoplankton systems (Wright & Jeffrey 1987; Gieskes & Kraay 1983) . In land margin ecosystems where other chlorophytes that contain zeaxanthin also occur, myxoxanthophyll serves as an exclusive marker for colonial cyanophytes. Alloxanthin has proven to be an important marker for cryptophytes as well as a paleolimnological tracer in sediments (Zullig 1981) . The chlorophyll bilutein ratio is a useful tracer for distinguishing between inputs of different types of macrophytes in certain aquatic systems (Bianchi & Findlay 1990 ). Pigment degradation products may also be used to infer availability of source materials to consumers. The degradation product phaeophorbide has been found to be closely associated with metazoan grazing activity (Shuman & Lorenzen 1975; Brown et al., 1981; Welschmeyer & Lorenzen 1985; Carpenter & Bergquist 1985; Bianchi et al., 1988; .
In this study we examine the spatial and temporal variability of plant pigments and their degradation products in water column and sediment samples from the Hudson River Estuary. Field data combined with results from previous controlled laboratory experiments allowed us to interpret temporal and spatial variability in water column and sediment pigments across a diverse range of habitats in this land-margin ecosystem.
Methods

Site description
The Hudson River originates in Lake Tear of the Clouds and flows south to its mouth at New York City. The tidal portion extends 243 km from the Troy Dam south with a tidal range of about 1 m. The watershed is roughly 65% forested, 20% agricultural land and 15% urban (Howarth et al., 1991; Limburg et al., 1986) . The Hudson is a moderately turbid system with an average suspended load of about 20 mg 1-1 with maximum values over 200 mg l -I during runoff events . In the tidal-freshwater portion of the Hudson, light extinction is largely controlled by suspended load, and typically varies from -1.5 rn-I to -9111-I (Cole et al., 1991) . Annual average freshwater flow is 388 m3 s 1, with seasonal variation as great as an order of magnitude above or below the long term mean. The average median grain size of sediments in the main channel of the Hudson throughout this region is 0,2 mm (Simpson et al., 1986) . Our research concentrated on the tidal-freshwater portion of the estuary. Water column samples were taken along a 165 km transect with samples taken near Castleton, Hudson, Kingston, Poughkeepsie, Fort Montgomery, and Haverstraw Bay (Figure 1 ). This geographic range includes extreme differences in geomorphology, salinity and mean depth among transect stations.
Sediments were collected at stations near Castleton, Haverstraw Bay and two at Kingston (mud and sand). The Kingston-mud station is located on a mid-channel bar in a macrophyte bed, predominantly Vallisneria americana. Kingston-sand was established on a sandflat located along the shoreline to allow for comparisons between coarse-grained and fine-grained habitats. The stations at Castleton and Haverstraw Bay are nearshore and composed of fine-grained sediments.
Sampling procedure
In 1988, water samples were collected along the transect (from Castleton to Haverstraw Bay) every month from August through November; sediment samples were collected from the two stations near Kingston every month from August through November. In 1989, sediment and water samples were collected monthly (April through November) from two stations near Kingston, and every other month (April through November) from stations near Castleton and Haverstraw Bay. Ice cover precluded sample collection from December through March in 1988 and 1989. Two replicate water samples were collected from each station at 0.5 m and at 5.0 m using a peristaltic pump. Water samples were then filtered (ca. 300 ml) onto GF/F Whatman filters and stored frozen for pigment analysis. Two replicate cores were collected from each station during low tide (depth ca. 2 m) using a hand-held corer (Gillespie et al., 1985) . The top 1 cm of each core was collected and split for analysis of plant pigments, total carbon and nitrogen, and total organic matter.
Analysis of total carbon and organic matter
Total organic matter was calculated by weight loss after combustion at 450 °C for 24 h. Total carbon was determined using a Carlo Erba NA 1500 nitrogen/carbon analyser.
Pigment analysis
Pigments were extracted from sediments using 100% acetone to reduce artifactual production of chlorophyllide (Jeffrey & Hallegraeff 1987) . Pigment extracts were sonicated in cold acetone for 5 min and allowed to stand overnight in the dark at 4 'C, prior to centrifugation at 3000 rpm for 3 min in 15 ml polypropylene centrifuge tubes. The tubes were capped and stored frozen ( -70 °C) for a short period prior to pigment analysis. Pigments were determined by ion-pairing, reverse-phase HPLC (Mantoura & Llewellyn 1983) ; following the procedure of Bianchi and Findlay (1990) . This gradient provided sufficient resolution for all pigments of interest except for zeaxanthin, lutein, fl-carotene and phaeophytin a (Figure 2 ). Because this method only allows for marginal separation of lutein and zeaxanthin, these pigments were analysed separately, using a modification of the tertiary gradient method used by Wright and Shearer (1984) . Our method employed a binary eluant system tailored for separation of lutein and zeaxanthin and consisted of a linear gradient (with a flow rate of 1 ml min-1) that ramped from 100% mobile-phase A (90:10 acetonitrile; water) to 70% mobile-phase B (100% ethyl acetate) over 30 min with a hold for 5 min followed by a re-equilibration to initial conditions in 5 min. All pigment extraction procedures and HPLC instrumentation were the same for both methods.
The HPLC detector responses at the Chesapeake Biological Laboratory (Waters 440, 436 nm filter) were calibrated with the following standards provided by Drs Bidigare and Kennicutt, Texas A & M University, during the course of the NSF sponsored intercalibration exercise: chlorophyll a; chlorophyll b; chlorophyll c; peridinin; 19'-butanoyloxyfucoxanthin; fucoxanthin; 19'-hexanoyloxyfucoxanthin; prasinoxanthin; diadinoxanthin; alloxanthin; lutein; zeaxanthin; canthaxanthin; fl-carotene. Concentration of replicates were first verified by UV-VIS scanning spectrophotometry (Beckman DU 7) using the literature values for extinction coefficients at lambda max compiled by Bidigare for the exercise (Table I) . Relative absorbances at lambda max, 436 nm and 440 nm were recorded in order to correct for differences between detector systems at CBL and IES. Identical standards were exchanged to inter-calibrate the two systems. 6, fucoxanthin; 7, neoxanthin; 8, violaxanthin; 9, myxoxanthophyll; 10, diadinoxanthin; 11, diaclinochrome; 12, alloxanthin;13,diatoxanthin; 14, luteinizeaxanthin; 15,1uteinfzeaxanthin; cis-isomers; 16, canthaxanthin; 17, chlorophyll b; 18, chlorophyll a; 19, fl-carotene; 20 , phaeophytin a. Chorophyllide a, phaeophorbide a, and phaeophytin a were prepared according to Lorenzen and Downs (1986) except purification was carried out using Hamilton C-18 cartridges. Concentrations were recorded at lambda max using extinction coefficients of 128, 69.8 and 49.5 respectively (Lorenzen & Downs 1986) . Phaeophytin a was not well resolved from fl-carotene in the early part of the study and hence our calibrations were less accurate, despite employing the fluorescence peak of phaeophytin to make corrections.
Myxoxanthophyll was not isolated as a pure compound, and an extinction coefficient of 125-31g' cm at 440 nm in ethanol was assumed (Davies 1976) . Violaxanthin and 9 cis-neoxanthin in spinach extracts were used to verify elution order as was fucoxanthinol from copepod fecal pellets recovered from Chesapeake Bay sediment traps. Diadinoxanthin was estimated using an extinction coefficient of 262 1 g-1 cm (Gieskes & Kraay 1983) .
Statistical analyses An F. was used prior to ANOVA and regression analyses to check for homogeneity of variances. A one-way ANOVA was used to test for significant effects of station on pigments and total organic matter, for each sampling of the long river transect (Sokal & Rohlf 1981) . When ANOVA differences were significant, a Scheffe' multiple range test was performed to detect for differences among stations at a particular sampling date. Simple linear and multiple regressions were used to test for correlations between pigments, and organic matter. A simple t-test was used to test for differences between means from two stations.
Results and discussion
Water column There were no significant differences between 0.5 m and 5.0 m pigment concentrations; all water column data presented in this paper are from the 0.5 m depth only.
Plant pigments
Water column concentrations of chlorophyll a and total phaeophorbides typically peaked in late summer while chlorophyll b and lutein peaked in fall (Figures 3-5 
Organic matter sources
High concentrations of myxoxanthophyll, a specific marker for cyanophytes, indicate that these algae are the dominant source of pigment-containing organic matter in the water column at the Kingston and Hudson stations in July and August 1989. We estimated, based on the myxoxanthophyllichlorophyll a ratios of cyanophytes in culture (0.2, T. S. Bianchi, unpubl. data) , that 48-78% of the total chlorophyll a pool was associated with Variability in plant source materials and the probability of resuspension both contribute to variation in the ratio of chlorophyll bautein. Chlorophyll b and lutein are accessory pigments found in all chlorophytes (Jeffrey 1974) . However, there are higher concentrations of lutein per gram biomass in vascular plants than in non-vascular plants collected from the Hudson (Bianchi & Findlay 1990 ). Values for the chlorophyll bilutein ratio in 
Trophic dynamics in the water column
Phaeophorbide is commonly considered an indicator of grazing activity (Shuman & Lorenzen 1975; Welschmeyer & Lorenzen 1985; Bianchi et al., 1988) . High concentrations of total phaeophorbide were observed at Hudson, a station with high zooplankton densities-predominantly the cladoceran Bosmina longirostris (Pace et al., in press ). However, chlorophyll a concentrations (a measure of phytoplankton standing stock) were not significantly correlated (r = 0.48, P>0-05, n = 101) with total phaeophorbide concentrations in either 1988 or 1989. The lack of correlation between chlorophyll a and total phaeophorbide occurs because, as we showed earlier, cyanophytes comprise the majority of the algal biomass for July and August. Cyanophytes are a poor food resource for zooplankton; these algae are often difficult to consume due to filamentous and gelatinous morphology as well as the presence of toxins in certain species (Webster & Peters 1978; Porter & Orcutt 1980; Lampert 1981) . Total phaeophorbide concentrations are more likely to be correlated with the presence of high quality resources, such as cryptomonads and diatoms because these algae are more susceptible to grazing by zooplankton (Porter 1977) . Diatoms are considered to be one of the most nutritious food resources for marine and aquatic invertebrates Levinton et al., 1984; Phillips 1984; Wetzel 1983; Lopez & Levinton 1987) . The carotenoid, fucoxanthin, is considered to be a good marker for diatoms (Wright & Jeffrey, 1987) . Total phaeophorbide concentrations were positively correlated (r = 0.61, P < 0.05, n=47) with fucoxanthin concentrations in 1989. Phytoplankton samples, collected from Poughkeepsie and Kingston stations in 1987, were dominated by centric diatoms (Cyclotella and Melosira spp.) (pers comm. H. G. Marshall). Fucoxanthinol, a more specific grazing marker of diatoms, was also positively correlated (r = 0-61, P < 0.05, n=47) with fucoxanthin concentrations. This suggests that diatoms are being grazed and represent one of the principal food resources associated with zooplankton grazing activity in the Hudson Estuary.
Sediments
Total organic matter
The mean total organic matter 111 -2 at the Kingston-sandflat station (101-89 + 9-18 SE, n = 23) was significantly lower (P< 0.05) than the average of all mud-habitat stations (231.64 ± 10.73 SE, n= 36).
Plant pigments
Concentrations of chlorophyll a were significantly higher (P < 0-05) in sediments at the Kingston sandflat station than all other stations in both years ( Figure 7) . In 1988, mean chlorophyll b concentrations were significantly (P < 0-05) higher at the Kingston-mud station than at the Kingston-sandflat station, while Castleton and Kingston-mud stations had significantly higher (P < 0-01) mean concentrations of chlorophyll b than all other stations in 1989 (Figure 7) . Except for October 1989, the Kingston-sandflat station had significantly lower (P < 0-05) chlorophyll b concentrations than all other stations in 1989 (Figure 7) .
Mean concentrations of chlorophyllide a were significantly higher (P<0.05) at the Kingston-mud station than all other stations in both years (Figure 8 ). Mean total phaeophorbide concentrations were not significantly different (P> 0.05) between the Kingstonmud station and the sandflat station in 1988 whereas the Kingston-mud station had significantly higher (P< 0.05) mean total phaeophorbide concentrations than all other stations in 1989 (Figure 8) .
Mean lutein concentrations were significantly higher (P<0-05) at the Kingston-mud station than at the sandflat station in 1988 whereas lutein concentrations at Kingston-mud and Castleton were significantly higher (P < 0.05) than all other stations in 1989 ( Figure  9 ). Lutein concentrations at the Kingston-sandflat station were always significantly lower (P < 0.05) than all other stations in 1989 (Figure 9 ). In 1988, alloxanthin concentrations were significantly higher (P < 0.05) in September at the two Kingston stations whereas in 1989 concentrations were significantly higher (P < 0-05) in June for all stations except Kingston-mud (Figure 9 ). Mean fucoxanthin concentrations were not significantly different (P> 0.05) between the two Kingston stations in 1988 and 1989 (Figure 10 ). In the summer months of 1989, sediments at both the Kingston mud and sand stations had high concentrations of chlorophyll a and fucoxanthin, suggesting the presence of living diatoms. Based on the pigment composition (high fucoxanthin and chlorophyll a), much of the pigment-containing organic matter at the sandflat site appears to be in the form of living benthic diatoms. The total carbon/chlorophyll a ratio at the sandflat station (28-57) suggests a dominance of living algal tissue; conversely the considerably higher ratio (102.56) at the mud stations indicates a higher proportion of detrital material (Parsons et al., 1984) . Chlorophyll a decays fairly rapidly as the organic matrix around it begins to decompose , so detritus-associated chlorophyll a would not be detectable in sediments for long after the detritus input. High concentrations of chlorophyllide a (1.0-1-5 nmol g dry sed." 1) at the Kingston-mud station in the summer months indicate inputs of diatom detritus (Bianchi et al., 1988) . Chlorophyllide a is a degradation product of chlorophyll a (phytol chain removed) that can be produced by chlorophyllase, an enzyme found to be associated with senescent diatoms (Jeffrey 1974) . Macrophytes in the Hudson Estuary have high concentrations of epiphytic diatoms growing on them (pers. comm. R. Garritt). Epiphytic diatoms (mostly Navicula spp.) that slough off the blades of macrophytes at the mud station, are likely to be the source of detrital diatom input to these sediments. Lower lutein and chlorophyll b concentrations at the sandflat station suggest that other vascular or non-vascular chlorophyte sources are not important. Conversely, high concentrations of chlorophyll b at the Castleton and Kingston-mud stations indicate chlorophytic inputs-probably dominated by vascular plants. Sediments at the Castleton and Kingston-mud stations had the highest inputs of organic matter that are likely to be derived from vascular plants. In addition to the macrophyte beds at the Castleton and Kingston-mud stations, these stations are also in close proximity to extensive tidal wetlands-which may contribute to vascular inputs . In fact, the sedimentation rates at these two stations are considerably higher (ca. 0.45 cm year') than at all other stations (unpubl. Pb-210 and Be-7 data). Lateral transport of sediment may have also contributed to this high sedimentation rate. The highest concentrations of lutein at these two stations occur in the fall months when detrital inputs from wetlands are likely to begin . Macrophytes from the Hudson Estuary contain very high concentrations of lutein per gram biomass (Bianchi & Findlay 1990 ). Moreover, lutein decay rates are significantly slower in vascular than in non-vascular plants-presumably due to slower overall decomposition in the former . Thus, we suspect that higher concentrations of lutein in sediments at the Castleton and Kingston-mud stations are derived from vascular inputs because of their geographic proximity to wetlands and macrophyte beds. 
Traphic dynamics in sediments
Higher concentrations of total phaeophorbide per unit organic matter indicate greater grazing activity at the sandflat than at the mud station. This pattern may be related to the greater contribution of living algae, a high quality food resource, to benthic organic matter at the sandflat. In laboratory experiments, grazing activity by macrobenthic consumers (as measured by total phaeophorbide concentration), was considerably greater when consumers were presented with high vs. low quality food resources . Another more specific grazing indicator, fucoxanthinol, was positively correlated (r = 0.83, P < 0.001, n= 63) with fucoxanthin in sediments from all stations in 1988 and 1989. This suggests that benthic consumers are grazing on diatom detritus and living diatoms for food resources. However, the presence of phaeophorbide b (Figure 2) , a degradation product of chlorophyll b that is not found in diatoms, indicates consumption of material that contains chlorophyll b, such as macrophytes.
Benthic-Pelagic relations
Lutein and alloxanthin were the only pigment concentrations that showed positive correlations between sediment and the water column concentrations. For long-river transects conducted in July and October 1989, there was a significant correlation between water column and sediment concentrations for lutein (r = 0.52, P <0.05, n -32) and alloxanthin = 0.64, P < 0.05, n = 32). However, in the fall (October 1989), higher concentrations of lutein in both the water column and sediments at the Castleton and Kingston-mud stations suggest inputs of vascular plant detritus to surface sediments . Alloxanthin concentrations, in the water column and sediments, at the Kingston stations reached their highest in September and June. The reason for the correlation observed with these pigments and not others may be related to the greater stability of these pigments (Repeta & Gagosian 1987; . The first order decay constants of lutein (0.01-0.02 day 1) indicate slower decomposition than the other pigments measured in this study (0.03-0-06 day-'), making detection of inputs of these pigments to sediments more likely . Alloxanthin, a carotenoid marker for cryptomonads, has been shown to be a stable and useful tracer in paleolimnology (Zullig 1981) . Other pigments may be deposited also, but rapid decay precludes our detection of these inputs with our sampling schedule. Lutein and alloxanthin are more stable than other pigments measured in this study because of the absence of a 5, 6-epoxide (Repeta & Gagosian 1987) . Pigments that contain epoxides, such as fucoxanthin, can break down more rapidly to low molecular weight compounds such as loliolides (Repeta 1989) .
Overview
The spatial and temporal distribution of plant pigments in the Hudson River Estuary reflects variation in inputs of organic matter sources and the trophic dynamics in the sediments and water column. In late summer, cyanophyte blooms dominate in the water column at the Hudson and Kingston stations, as indicated by high concentrations of myxoxanthophyll. These cyanophytes can constitute as much as 78% of the total chlorophyll a pool during these periods. However, total phaeophorbide concentrations indicate that grazing activity is best correlated with fucoxanthin concentrations. This demonstrates that zooplankton are grazing on high quality resources, such as diatoms and avoiding cyanophytes. Throughout the year, and particularly in late fall, high concentrations of lutein, at up-river stations, were probably related to inputs of detritus from submerged macrophytes on adjacent wetland areas, Further corroboration of this can be found in the chlorophyll bflutein ratios at these stations (ca. 2-4) which agrees with the ratios of fresh vascular plant materials from these regions. Low values for this ratio imply that much of the organic seston found in the water column at Haverstraw Bay is derived from resuspended sediment.
In sediments, the sand habitat had the highest grazing activity due to the presence of living diatoms. The mud habitats at all other stations had considerably higher amounts of total organic matter, much of it composed of vascular plant detritus. Lutein and alloxanthin were the only pigments that showed correlation between sediment and water column concentrations because of the greater stability of these pigments.
